Pb, disequilibria, prior to magma ascent to the surface. Since 21 this is the rate-determining step in the overall process, it allows the possibility that such 22 short-lived disequilibria measured in arc rocks at the surface are derived from deep in 23 the mantle wedge. Stresses due to partial melting do not appear capable of producing 24 the desired sucking effect, while the order of magnitude rate of shear required to drive 25 dilation of $10 À7 s À1 is much larger than values resulting from steady state subduction. 26 We conclude that local deformation rates in excess of background plate tectonic rates are 27 needed to ''switch on'' the dilatant channel network and to initiate the sucking effect. [Spiegelman and Elliott, 1993; Asimow and Stolper, 1999] . 
1. Introduction

32
[2] The dynamic behavior of the Earth is a result of its 33 internal heat. Volcanism provides the most spectacular 34 manifestation of this, and heat advection by magmas is 35 the most efficient means of heat transport. Beneath the 36 Earth's volcanic mid-ocean ridges and oceanic islands, 37 melting occurs in an upwelling mantle matrix with melt 38 extraction often presumed to occur via percolative flow 39 followed by channeled flow [e.g., Spiegelman et al., 2001 ; 40 Spiegelman and Kelemen, 2003] . Currently, the timescales 41 and length scales governing this important flow transition 42 are poorly known. Yet without some estimate of melt 43 velocities and transport times, the degree to which interac-44 tion between melt and peridotite matrix may take place 45 remains speculative at best. U series disequilibria can be 46 used to constrain the rate of matrix upwelling and also the 47 threshold porosity at which melt is extracted from the 48 matrix. In contrast, the total time for melt extraction is 49 ambiguous depending on whether the observed disequilibria 50 are modeled by dynamic melting with rapid extraction
51
[e.g., McKenzie, 1985; Williams and Gill, 1989] or equi-52 librium porous flow involving very slow melt percolation 53 [Spiegelman and Elliott, 1993; Asimow and Stolper, 1999] .
54
Because the exact melting rate and porosity are linked to the 55 total time involved, better knowledge of the timescales and 56 length scales of melt transport in the source region would 57 help improve estimates of these variables. Nevertheless, 58 there is growing evidence that melt extraction beneath ridges 59 and ocean island volcanoes is fast and may in some cases 60 take place on decadal timescales [Bourdon et al., 2005;  61 Rubin et al., 2005a; Stracke et al., 2006] .
62
[3] At island arcs the situation is rather different. Because 63 of induced convection against the subducting plate, most 64 current models of melt production in arcs assume that the
94
[5] Clearly, there is a need to develop physical models for 95 melt transport in the mantle wedge above a subducting slab 96 analogous to those put forward for melt extraction at mid-97 ocean ridges [e.g., Aharonov et al., 1995; Spiegelman et al., 98 2001; Spiegelman and Kelemen, 2003] , whereby an initially 99 small melt fraction, distributed at or along grain boundaries, 100 develops into a channelized network. More generally, in 101 order to develop a self-consistent model of subduction 102 zones, there is a need to explore physical processes that 103 take place in the mantle wedge on short temporal and spatial 104 scales [e.g., van Keken, 2003] . As a first step toward this 105 goal, we present the initial results of an analytical study of 106 melt flow in porous, downwelling arc mantle. We assume 107 a simple 1-D geometry where melt flows radially toward a 108 zone of reduced pressure, defined macroscopically as a 109 linear channel of constant half width bounding a cluster of 110 smaller veins that open incrementally over a fixed timescale. 
Flow Equations
157
[8] The melt density and viscosity remain constant during [9] Biot's equation reads
[10] The boundary conditions are
185
[11] The solution is obtained by Laplace transform. Full 186 details are given in Appendix A. The solution of the 187 problem is given in terms of functions Y 0 (z, t) and 188 Y 1 (z, t); these depend on the time it takes for the veins 189 to open (t). In Appendix A, their form is derived
194
[12] The superficial velocity (that is, the fluid discharge
195
per unit time and area) of melt flowing toward the channel is
199
[13] For convenience, two parameters with the dimension
The pore pressure (as a function of position and time) due to 202 the opening vein in the region marked plus is
and the superficial velocity turns out to be
207
[14] The corresponding actual melt velocity is v(x, t)/n. Table 2 Largest Distance (m) Time to x = 0 t1.2
Value (see Table 2 Table 1 . Melt is drawn toward the opening channel by pressure gradients set up as the channel widens over the period of 1 year, after which the pressure gradient is shut off. The channel is located at position t/t = 1.0. Fluid will reach this position from a distance x 1 (t) of up to 80 m away. Table 1 
. Solid lines show the pressure history as the channel is opening (t < t) and dashed lines show the pressure history where t > t. The behavior is such that after a short time the pressure settles back to a value close to initial. The pressure drop is, however, active over a wide area.
243 question is, however, how far will a fluid element travel in 244 the process? To answer this question, trajectories are calcu-245 lated. The actual fluid velocity in the plus region is v(x,t)/n, 246 and, therefore, the location x 1 of a fluid element at time t 247 that was initially at x 0 is
Numerically, this formula is easily interpreted. The location 250 difference at time t in a step dt is Figure 3 but where the melt phase is slightly compressible (due, for example, to the presence of dissolved gas). This small but significant effect results in some degree of flow relaxation even after sucking has stopped. For example, calculated fluid trajectories in excess of 80 m distance can reach the channel but on a timescale slightly greater than t/t = 2.6. Figure 5 . Trajectories as in Figure 4 but with a logarithmic time axis, emphasizing the effect of melt compressibility.
257 this, it is concluded that fluid elements that complete their 258 journey toward the central region within the time span t < t 259 will arrive in the channelized region, while those that do not 260 complete their journey in this period will not. The trajecto-261 ries plotted in Figure 3 suggest that for the model parameters 262 listed in Table 1 , melt located within a radius of some 100 m 263 of the channel zone will arrive there within the nondimen-264 sional timescale (t/t = 1). The melt flow velocity for this 265 trajectory is x 1 (t)/t = 80 m/3 Â 10 7 s = 2.5 Â 10 À6 m s ). A fluid element located 110 m away will not 267 make it to the channel unless the listed variables are 268 changed. Sensitivity analysis suggests that matrix flow is 269 relatively insensitive to matrix permeability.
270
[17] The same calculation is shown in Figure 4 , this time 271 for a melt phase that is slightly more compressible (due to the 272 assumed presence of dissolved volatiles): b = 10 À9 Pa À1 . 273 Here it is seen that for t > t there is still a small velocity 274 associated with the relaxation of the compressible melt. This 275 would imply that fluid elements that cannot reach the ''0'' 276 region in a time t < t may still travel a short distance. A more 277 careful study of this effect is depicted in Figure 5 , where the 278 timescale has been stretched by using a logarithmic scale. It 279 is observed that the relaxation effect is confined to trajecto-280 ries that were already close to the ''0'' region at time t = t.
281
[18] A sensitivity analysis is now carried out. Results are 282 given in Table 1 . We record the largest distance of a fluid 283 element at time t = 0 that arrives at the center of the channel. 284 All parameters are as in Plank and Langmuir [1998] ). Although 294 decompression melting cannot be ruled out beneath some 295 arcs [Conder et al., 2002] , by and large, arc mantle differs 296 significantly from mid-ocean ridges and ocean islands in 297 that the segregation process is coupled with the matrix 298 upwelling velocity [Stracke et al., 2003] . From the analysis 299 given in section 3, the melt flow rate is circa 10 À6 m s À1 , 300 3 orders of magnitude greater than average downwelling 301 . This direct ''mean field'' approach would 374 imply that the volume strain rate is a second-order effect. 375 This is not so when an inclusion-type theory for elliptical 376 inclusions in an elastic medium (ideal mantle matrix) is 377 considered. Formulas for this are available [Walpole, 1977] . 378 Here no full calculations are given, but if the formulae are 379 made relevant to an elliptical channel aligned with major 380 principal direction of the shear direction, the volume strain 381 is of the order of magnitude of the shear strain g for a 382 channel in which the major principal axis is much greater 383 than the minor principal axis. Thus, it follows that the rate 384 of shear required to drive the process envisaged here must 385 be of the order of magnitude of 10 À7 s À1 if the zone marked 386 zero (Figure 1 ) has a vein concentration of some 10%. Such 387 a rate of shearing is clearly much larger than the mean 388 tectonic background value. The tentative implication is that 389 during subduction, localized zones of dilation leading to 390 channel formation will only occur at higher-than-average 391 (plate tectonic) strain rates. However, the model still 392 requires that melting, or a melt phase, is located within 393 sucking distance of an opening channel. In standard iso-394 viscous mantle models, the zone of partial melting is 395 restricted to a confined region located above and away 396 from the slab top. However, thermal models based on a non-397 Newtonian rheology focus heat (and by implication partial 398 melting) much closer to the slab mantle interface where 399 viscous deformation is also most likely to be strongest [e.g., 400 Cagnioncle et al., 2007] . Thus, a qualitative picture, under-401 pinned in part by robust physics, emerges whereby channels 402 in the wedge melting zone form because of stresses and 403 draw toward them contemporaneous partial melt from their 404 surroundings as they progressively dilate. Arc mantle with 405 non-Newtonian rheology appears to offer the most conve-406 nient way of colocating the essential ingredients of partial 407 melt and shearing in the mantle wedge such that channels of 408 the kind described here can form in the source region. [22] Whatever the finer details of variability in melt 412 composition resulting from radial flow and the mechanism 413 responsible for rapid lithospheric-scale transport of melt to 414 the surface turn out to be, the implications for preserving 415 isotopic disequilibria in arc magmas at source now become 416 clearer. Given the parameters outlined in section 3, small-417 scale porous flow into veins or channels located in the 418 mantle source region is easily fast enough to preserve 419 excess 226 Ra. More controversially, our modeled melt 420 transport times at relevant melt fractions (10 À3 ) are less 421 than the 210 Pb half-life of 22.5 years. This raises the 422 theoretical possibility that some 210 Pb deficits in arc lavas 423 reflect fractionation during partial melting rather than late 424 stage contrasts in gas and magma transport beneath the 425 volcanic edifice [Turner et al., 2004] . A similar conclusion 426 was reached by Rubin et al. [2005b] driven by a strain that is ramped up to a value e 0 in a time t.
477
For t > t the strain is constant at e 0 .
478
[25] Biot's equation reads 
